Phase stability tuning in the Nb x Zr 1 − x N thin-film system for large stacking fault density and enhanced mechanical strength Appl. Phys. Lett. 86, 131922 (2005) The indentation depth effect has been systematically examined on the mechanical properties of electrodeposited nickel films under 0% and 10% tensile strains. It is found that the indentation depth is proportional to the square root of the loads applied and the depth profiles of hardness and elastic modulus follow the similar trend of change with maximal values at the surface skins. The hardness and modulus then attenuate to a value of about half of the maximum, which follows the model proposed by Graca et al., Surf. Coat. Technol. ͑in press͒ with the mechanism of geometrically necessary dislocations and surface free energy. We suggest that the effect of surface oxidation and surface bond contraction ͓C. Q. Sun, Prog. Solid State Chem. 35, 1 ͑2007͔͒ contributes intrinsically to the anomalous skin strengthening because of the local strain and energy trapping caused by surface bonds breaking.
I. INTRODUCTION
The nickel electrodeposited carbon steel sheet is an essential type of material for safeguard in engineering. This material possesses good corrosion resistance, attractive toughness, and excellent plasticity, which offer the potential for advanced structural engineering applications. In addition, the strong adhesion between electrodeposited nickel films and substrates provides another advancement in practical applications.
Nanoindentation is now widely used to measure mechanical properties, such as hardness, Young's modulus, and adhesion, with emphasis on films, due to its nanometer displacement resolution. The most extensively used method to extract Young's modulus and hardness by nanoindentation was proposed by Oliver and Pharr. 1 However, mechanical properties such as flow stress or hardness, tensile strength, torsion, and indentation testing in crystalline solids are indentation dependent. This dependency is clearly observed when the indentation scale is significantly small; alternatively, the tip size is less than a micron. There is a strong evidence in the literature showing that the tip-size effect is even stronger when the tip size becomes smaller. [2] [3] [4] [5] [6] This phenomenon, commonly referred to as the indentation size effect ͑ISE͒, can be particularly pronounced in single crystalline materials and has been ascribed to a variety of factors, such as surface effects, 7, 8 friction between the indenter and the sample, 9 and, more recently, strain gradient hardening. 10 Classical continuum plasticity theory is unable to predict these ISES. One of the reasons is that the constitutive equation of classical mechanics does not include constituent internal length as a parameter for deformation. Several theories have been developed to explain deformation at the micro-/ nanoscale. Among the multiple theories, the mechanism of strain gradient plasticity theory proposed by Nix and Gao 10 explains the indentation effect reasonably well. [11] [12] [13] The strain gradient plasticity theory considers the density of geometrically necessary dislocations ͑GNDs͒ generated by a geometrically self-similar sharp indenter together with a Taylor's dislocation model. 14 Since the linear relation between the square of hardness ͑H 2 ͒ and the inverse of indentation depth ͑1 / h͒ successfully predicted the experimental indentation hardness data, Swadener et al. 15 extended the Nix-Gao theory to a spherical tip by assuming a parabolic geometry of the indenter. However, it was found from further research that at very shallow indentation depths ͑typically h Ͻ 100 nm͒, nanoindentation hardness data could deviate significantly from the predictions of the Nix-Gao model. Most recently, Graca, Colaco, and Vilar 16 ͑GCV͒ modified the Nix-Gao model and clearly demonstrated the effect of surface free energy in the ISE.
A number of experimental researchers [17] [18] [19] [20] have made efforts to study the nano-/microscale mechanical properties of polycrystalline fcc metals. However, a complete understanding of mechanical properties of fcc films is yet to emerge. Furthermore, many reports of ISE are actually based on as-deposited films; there are only a few results concerning the change of ISE after tensile deformation of these materials. The aim of the present work is to extend the study of ISE on the mechanical strength of electrodeposited nickel films both under zero ͑ =0%͒ and 10% ͑ =10%͒ tensile strains and to compare the experimental observations with GCV theoretical predictions.
II. EXPERIMENTAL
A carbon steel sheet with 0.3 mm thickness was used as the substrate. A uniform nickel film with 3.0 m thickness was prepared by electrodepositing method on both sides of the steel sheet. acid to 4.0 at 42°C. A conventional rotating disk electrode was used for electrodeposition. Before electroplating, pretreatments were necessary to get rid of the impurities. The pretreatment procedure of substrates is shown in Fig. 1 ͑rins-ing samples with de-ionized water͒. Specimens were prepared under the same fabrication conditions of electrodeposition. Figure 2 shows the shape and size of the specimen under tensile stress. Then the tensile test was performed at a nominal rate of 0.1 mm/ s using an Instron system at room temperature. The tensile strain is 10%. After tensile testing, Philips Sirion 200 field emission scanning electron microscope ͑SEM͒ and Hitachi S-520 SEM were used to show the surface morphology of nickel films.
The nanoindentation tests were conducted using a TriboIndenter from Hysitron, Inc. with a three-sided pyramidal Berkovich diamond indenter. The load and displacement resolutions of the machine were 100 nN and 0.1 nm, respectively. The nickel films were tested by varying the maximum loads from 1000 to 9000 N. The loading and unloading rate dP / dt was 200 N / s. The load was held at the maximum value for 50 s in order to minimize the creep effect on unloading session. In all cases, at least ten measurements were repeated at a certain load and we took the average that could reduce the noises of the creep curves. From the loaddisplacement data, the values of elastic modulus and hardness of the nickel films before and after tensile deformation were calculated by the Oliver and Pharr method 1 using a tip shape correction.
III. RESULTS AND DISCUSSION
A. Nanoindentation measurement Figure 3 shows the surface morphology of nickel films before and after tensile deformation. From Fig. 3͑a͒ , we can see that the surface before tensile deformation was very smooth and no pinholes or microcracks were observed. In the film under 10% tensile strain, the surface became rougher, as shown in Fig. 3͑b͒ . Figure 3͑c͒ shows the loaddisplacement curves under zero and 10% tensile strains with the maximum loads ranging from 1000 to 9000 N. It is found that the maximum indentation depth increases with the maximum load. Results show that for a given value of F max , the maximum penetration depth ͑after the loading plus load holding segments͒ is larger for specimens under 10% tensile strain than that for the specimens without strain. For example, under the maximum load of 5000 N, the indentation depths are 287.45 and 276.73 nm, respectively, for strained and nonstrained films. This result indicates that the tensile deformation lowers the hardness of the films. Figures 4͑a͒ and 4͑b͒ show the hardness-depth ͑HD͒ and Young's modulus-depth ͑YD͒ profiles under various loads, respectively. It can be seen from Fig. 4 that the hardness and Young's modulus decrease with increasing indentation depth, which is even more apparent for the strained sample.
B. Surface free energy
It is known that nanostructures are very prone to surface or interface effects because of their inherently large surfaceto-volume ratio. 21 Therefore, one question that may arise is whether the surface free energy of the sample can influence the hardness and stiffness measured using nanoindentation.
The penetration of the indenter into the sample creates new surface, at least during plastic deformation. The surface free energy may have a non-negligible influence on nanohardness due to the large surface-to-volume ratio of the deformed zone. Previous work 22 showed that the surface free energy can have an important influence on the hardness values retrieved from nanoindentation tests provided that the three following conditions are simultaneously met:
͑a͒ soft metallic samples with high surface free energy, ͑b͒ sharp tip indenters, and ͑c͒ shallow indentations.
Since all these conditions are met in the nanoscale experiments performed in this work, the surface free energy model developed by Jäger 22 was extended to the geometry of the Berkovich ͑three-sided pyramid tip, 142.3°͒ diamond indenter. In this way, the hardness variation due to surface free energy ⌬H SFE is given by
where E S = 2.2 J / m 2 is the surface free energy of the material, h is the indentation depth, and is a geometrical constant. For the Berkovich indenter, geometrical constant is 0.157. 16 In general, less sharpened indenters tend to lower the values. This means that, for a certain indentation depth, surface free energy will have a larger influence on hardness if the Berkovich indenter is used to perform the indentation instead of the conical indenter. According to Eq. ͑1͒, the influence of surface free energy is noticeable for indentation depths less than 100 nm and it is significant for indentation depths less than 50 nm.
C. GCV model
Since conventional plasticity theories do not include any material length scales, they cannot be used to model ISES in metallic thin films or coatings with indents below the microscale, at which the size effect is evident. Nix and Gao 10 developed a mechanism-based strain gradient ͑MSG͒ model to rationalize the ISEs. The MSG theory assumes that the indentation is accommodated by circular loops of GNDs with Burgers vectors normal to the plane surface in Fig. 5 . The basic idea underlying the model is that an increase in the total dislocation density, arising from the fact that the density of GNDs is proportional to the inverse of indentation depth, results in an increase of hardness. In the Nix-Gao model, the relation between the indentation hardness ͑H͒ and the indentation depth ͑h͒ can be simply described as
where H 0 is the hardness in the limit of infinite depth and h * is a characteristic length that depends on the shape of the indenter and on the tested material, given by
where b is the Burgers vector of the dislocations, ␣ is a constant to be taken as 0.5, is the angle between the surface of the material and the surface of the Berkovich indenter, and is the shear modulus. A possible arrangement of GNDs explaining the observed behavior for large indentations is schematically shown in Fig. 5͑a͒ . Large indentations are always accompanied by the occurrence of a huge and far-reaching shear stress field. Consequently, preexisting sources located near the indenter flank in ͓Fig. 5͑a͔͒ can be activated and are able to emit dislocation loops. Considering shallow indentations ͓Fig. 5͑b͔͒, on the other hand, the GND mechanisms become less important with decreasing indentation depth. As can be seen, lowering the indentation depth is directly linked to a diminishment of the deformation zone in Fig. 5͑b͒ and, consequently, to a decrease in the number of activating dislocation sources. The result is an increase in the back stress originating from the dislocations, which consequently impedes the generation of further dislocation loops. Since the emission of dislocations is hindered, other mechanisms, such as the generation of dislocations lateral to the indentation, become more important. These mechanisms are heterogeneous dislocation generation induced by surface defects such as fractured oxide layers as well as spontaneous dislocation nucleation, which is well known from molecular dynamic simulations and appears especially at very low indentation depths. [23] [24] [25] [26] A schematic arrangement of the GNDs accommodating a shallow imprint is suggested in Fig. 5͑b͒ . For extremely shallow indentations h Ͻ 100 nm, even several nanometers, the segment length of the dislocations generated near the indenter flank becomes very small and as a consequence, the stress required to push the dislocations away from the indenter flank is pretty high. Increasing the indentation depth and, consequently, the segment length of the dislocations causes the observed decrease in hardness, as can be seen in Fig. 4͑a͒ .
The measurements and calculations using ͓Eq. ͑1͔͒ suggest that for indentation depths less than 100 nm, the contribution of surface free energy to hardness should be considered. Therefore, Eqs. ͑1͒ and ͑2͒ should be combined and used as an analytical model to predict the hardness variation with indentation depth, once the parameters h * and are known. The GCV model 16 assumes that the surface free energy and the dislocation density effect are independent of each other, and the combination of Eqs. ͑1͒ and ͑2͒ leads to
where ⌬H dislocations is the contribution to hardness arising from the Nix-Gao equation.
D. Hardness
The indentation hardness values for Ni films under 0% and 10% tensile strains are plotted as function of the indentation depth in Fig. 4͑a͒ , and the asymptotic values of hardness are 6.5264 and 5.4872 GPa, respectively. Similarly, the maximum hardness for nano-and microcrystalline pure nickel films peaks at a penetration depth of ϳ5 nm in the literature. 27, 28 The hardness of Ni films varies in a range from 6 to 20 GPa depending not only on the geometrical shapes ͑conical, Berkovich, and cube corner͒ of the indenter tips but also on the strain rate in measurement. This means that the asymptotic values of 6.5264 and 5.4872 GPa can be taken, respectively, as the H 0 values of the as-grown and the strained films. This phenomenon indicates that the ISE is indeed more pronounced after the specimen is deformed. However, for indentation depths smaller than 250 nm, specimens show considerably higher hardness, reaching a maximal value approximately 12 GPa at 75 nm depth. Disregarding the possible influence of surface free energy on the hardness results, the Nix-Gao equation ͓Eq. ͑2͔͒ was fitted to the hardness values ͑indentation depths h Ͼ 100 nm͒ in Fig.  6͑a͒ . The correlation between the experimental results and the predictions of the Nix-Gao model is remarkably good: a correlation factor R Ͼ 0.98 is observed in both cases. The values of h * for nickel films under 0% and 10% tensile strains can be derived by fitting Eq. ͑2͒ to the experimental data, resulting in 170.86 and 295.16 nm, respectively. From  Fig. 6͑a͒ , the results obtained from the application of the Nix-Gao model to the experimental data are physically consistent. With increasing indentation depth, i.e., decreasing 1 / h, the hardness decreases due to the ISE. There is a linear relation between H 2 and 1 / h, as predicted by Nix and Gao. This fact, in conjunction with the good correlation between the experimental points and the Nix-Gao model, indicates 
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that GNDs can have non-negligible influence on the observed ISE. This means that the observed ISE can be accurately described by the Nix-Gao equation ͓Eq. ͑2͔͒, at least for indentations deeper than 100 nm, at which surface free energy effects can be neglected. For indentation depths less than 100 nm, the effect of surface free energy in the hardness should be included. Figure 6͑b͒ shows a square root relationship between the indentation depth and the load.
Both modified Eqs. ͑2͒ and ͑4͒ are plotted in Fig. 7 for electrodeposited nickel films under 0% and 10% tensile strains, respectively, using the values of h * obtained in this work and the value of for the Berkovich indenter. 16 This value of is used because, as mentioned earlier, the surface free energy effect is only noticeable for indentation depths less than 100 nm, i.e., in the present case, for the nanoindentation performed with the Berkovich indenter. All calculated results using Eqs. ͑2͒ and ͑4͒ and the experimental values are plotted in the same figure. Analysis shows that, within the limits of experimental error, the experimental values agree with the theoretical curves calculated by both the Nix-Gao model and GCV model for indentation depths h Ͼ 100 nm. For the case h Ͻ 100 nm, the Nix-Gao model curve deviates from the measurement, unlike the GCV model, which matches it. This result indicates that the free surface energy plays a significant role in the ISE and that the GCV model may represent the true situation of measurement.
E. Young's modulus
The measured depth dependence of the Young's modulus of the films follows closely the trend of HD profiles. As shown in Fig. 4͑b͒ , the measured Young's modulus values increase to 250 GPa for nickel films when the penetration depth is less than 100 nm. According to a recent work by Gu et al., 29 the Young's modulus and surface stress are intrinsically the same in dimension. They are both proportional to the sum of binding energy per unit volume. Therefore, it is understandable that at smaller depths, Young's modulus and hardness follow the same trend of depth. Jäger 22 assumed that there is no influence of the surface free energy on the stiffness measured with the reasons that "elastic deformation of a material does not create new surface; it only stretches the existing one," and "elastic fields are long-range fields." Globally viewed, an indentation is a narrowly confined deformation, but due to the long-range elastic fields, the strained volume is large. Contrary to plastic deformation, elastic deformation is concentrated around the indentation in a rather small volume. 30 Therefore, the surface free energy should not influence the otherwise very sensitive elastic modulus strongly because Young's modulus is an intrinsic property that depends primarily on bonding energy density. 29, 31 However, with the decrease of the indentation depth, Young's modulus values of nickel films under 0% and 10% tensile strains both increase, as shown in Fig. 4͑b͒ . It seems to be in contradiction with the above opinions. This can be explained by the findings of the relationship between elastic modulus and hardness based on depth-sensing indentation measurements of Bao et al. 32 They found that the two identities are related to a material parameter that is defined as the recovery resistance R s . This parameter is shown to represent the energy dissipation during indentation. Based on indentation measurements with the use of a Berkovich indenter, the relationship is given as 
where D is a constant related to the indenter shape. In this work, for a Berkovich indenter, D is 0.6647. Obviously, among the three parameters E r , H and R s , only two are independent. From Eq. ͑5͒, the reduced modulus E r values increase with the increase of hardness values. The E r -H relationship shown in Fig. 8 also confirms a good agreement between the experimental data and the calculated curve based on Eq. ͑5͒, which was developed based on observations with involvement of artifacts in measurement. The correlation coefficients of the fitting curves are 0.957 25 and 0.961 52, respectively. The recovery resistance R s values for the two cases are 10.109 77 and 10.505 94 TPa, respectively. Hence, Eq. ͑5͒ represents a reasonable explanation for the increase of the Young's modulus. The high values of Young's modulus and hardness at the surface skin may intrinsically come from the surface effect. The existence of a hard oxide layer and the broken bond-induced strain and energy trapping 33 may contribute to the raised values. Surface oxidation is unavoidable during the film production.
IV. CONCLUSION
We have examined the ISC on the elastic modulus and hardness of Ni films under 0% and 10% tensile strains. We found that the HD and the YD profiles follow the same trend of change, which agrees well with the GCV relation. The following major conclusions can be drawn from the study.
͑1͒
The hardness of the electrodeposited nickel films both under 0% and 10% tensile strains increases when the scale of the indentation depth decreases. Furthermore, the nonstrained films are slightly harder than the specimens under tensile strain. ͑2͒ The observed increase of hardness may indicate that the increase of the density of GNDs and the material's surface free energy play a significant role in dominating the hardness. The experimental data can be accurately described by the GCV model, which accounts for these two factors. ͑3͒ The increase of Young's modulus is also explained reasonably by Eq. ͑5͒. The similar trends of hardness and modulus change with indentation depth is suggested to be due to the intrinsic properties as both of them are proportional to the energy density of the specimen. ͑4͒ The maximal hardness and elastic modulus at the surface may arise intrinsically from surface oxidation and surface bond contraction, in addition to the compressinduced strain hardening. Surface oxidation alternates the nature of the surface bond, and the bond contraction densifies the charge, energy, and mass in the surface skins.
